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NEURAL NETWORKS
An unplanned outage can be costly for a utility, and gas 
turbines are expensive pieces of equipment to repair or 
replace. It is therefore vital that anomalous behaviour is ÁDJJHGEHIRUHGDPDJHFDQRFFXUWKDWPD\FDXVHDSURORQJHG
outage. An anomaly detection system is proposed for gas 
turbines to monitor the related parameters and raise alarms ZKHQDQRPDOLHVDUHLGHQWLÀHG
The proposed system incorporates machine learning DOJRULWKPV EDVHG RQ DUWLÀFLDO QHXUDO QHWZRUNV $11 %\XVLQJ$11VWUDLQHGRQQRUPDOSODQWEHKDYLRXULWLVSRVVLEOH
to identify anomalous behaviour by the high residuals between 
actual and predicted outputs. Within this paper, the data 
mining methodology is described and the process followed 
before arriving at the successful approach is documented. 
Results from testing the approach on an industrial case 
study are presented and, based on these results, areas for IXUWKHUGHYHORSPHQWDUHLGHQWLÀHG,W LV LQWHQGHGWRGHSOR\
the system along with several other algorithms as part of a 
multi-agent system for plant-wide condition monitoring. This 
paper will focus on the design and testing of the developed 
anomaly detection system. 
1. Introduction
Maintaining the condition of generation assets is a vital part of 
electricity generation. Any unscheduled loss of service is costly to WKHHQHUJ\SURYLGHUERWKLQGLUHFWÀQDQFLDOWHUPVDQGLQGDPDJHWRLWVUHSXWDWLRQDPRQJH[LVWLQJDQGSRWHQWLDOFXVWRPHUV%HFDXVHRI WKLV GHWDLOHG WLPHO\ DQG DFFXUDWH FRQGLWLRQ PRQLWRULQJ DQGGLDJQRVWLF VXSSRUW IRU JHQHUDWLRQ DVVHWV LV LPSRUWDQW WR VDIHO\RSHUDWHDSRZHUSODQW7KLVSDSHUZLOOIRFXVRQDQRPDO\GHWHFWLRQDOJRULWKPVIRUJDVWXUELQHVEXWWKHWHFKQLTXHGHYHORSHGKHUHZLOOIRUPSDUWRIDODUJHUÁHHWZLGHSODQWFRQGLWLRQPRQLWRULQJV\VWHPEDVHGRQPXOWLDJHQWV\VWHP0$6WHFKQRORJ\*DVWXUELQHV*7DUHXVHGLQVHYHUDOZD\VVXFKDVIRUSHDNLQJSRZHURUIRUFROGVWDUWVLQODUJHXQLWV+RZHYHUZKHQWKH\DUHXVHGLQFRPELQHGF\FOHJDVWXUELQH&&*7XQLWVWKH\DUHUHTXLUHGWRUXQ IRU ORQJ SHULRGV RI WLPH ZKHUH WKH\ DUH XVHG IRU EDVH ORDG7KLV OLPLWV WKH GRZQWLPH IRU PDQXDO LQVSHFWLRQ DQG WHVWLQJ
while increasing the wear on the gas turbine. Therefore, an online V\VWHPWKDWFDQGHWHFWSUREOHPVZKLOHWKHWXUELQHLVRSHUDWLQJLVDYDOXDEOHFRPPRGLW\7KLVSDSHUZLOOGHWDLOWKHXVHRIDGDWDPLQLQJPHWKRGRORJ\ DQG PDFKLQH OHDUQLQJ WHFKQLTXHV WR GHULYH D QRYHOFRQGLWLRQPRQLWRULQJDOJRULWKPIRUXVHZLWKJDVWXUELQHV7KH SDSHU LV RUJDQLVHG DV IROORZV 6HFWLRQ  RXWOLQHV WKHSUREOHPV WKDW WKH SURSRVHG FRQGLWLRQ PRQLWRULQJ V\VWHP PXVWRYHUFRPH6HFWLRQSURYLGHVDEULHIUHYLHZRIZRUNLQWKHILHOGRIFRQGLWLRQPRQLWRULQJZLWKSDUWLFXODUIRFXVRQ&&*7DQG*7V
6HFWLRQRXWOLQHVWKHGDWDPLQLQJPHWKRGRORJ\DQGLWVDSSOLFDWLRQXVLQJDFDVHVWXG\6HFWLRQGRFXPHQWV WKH LPSOHPHQWDWLRQDQGWHVWLQJRIWKHVHOHFWHGDOJRULWKPDQG6HFWLRQLVWKHFRQFOXVLRQ
2. Problem description
$ PDMRU XWLOLW\ KDV H[SHULHQFHG VLJQLÀFDQW RXWDJHV LQ D &&*7SODQW UHODWHG WR IDLOXUH RI JDV WXUELQH FRPSRQHQWV 7KH XWLOLW\UHTXLUHVDGDWDEDVHGWHFKQLTXHFDSDEOHRIGHWHFWLQJWKHVHIDXOWVDQG DQ DSSURSULDWH WHFKQLTXH FDQ EH VHOHFWHG WKURXJK WKH XVH RIGDWDPLQLQJ)LQDOO\ WKHV\VWHPPXVWEH WHVWHGDQGVKRZQ WREHVXFFHVVIXOLQGHWHFWLQJWKHUHTXLUHGIDXOWV7KHWHFKQLTXHZLOOXOWLPDWHO\IRUPDQLQWHOOLJHQWDJHQWZLWKLQWKH ODUJHU FRQGLWLRQ PRQLWRULQJ V\VWHP ,QWHOOLJHQW DJHQWV DUH
constructs, in this case software, capable of both reactive and 
proactive behaviour, and incorporating social ability 6HYHUDOLQWHOOLJHQWDJHQWVGHSOR\HG WRJHWKHUDUHFRQVLGHUHGDPXOWLDJHQWV\VWHP7KHDOJRULWKPGHVFULEHGLQWKLVSDSHUZLOOEHWKHFRUHRIDQLQWHOOLJHQWDJHQWZKLFKZLOOIRUPSDUWRIDIOHHWZLGHPRQLWRULQJV\VWHP.
3. Related work
7KH IROORZLQJ LV D UHYLHZ RI H[LVWLQJ UHVHDUFK LQ WKH ÀHOG RIFRQGLWLRQPRQLWRULQJ3DUWLFXODUDWWHQWLRQLVJLYHQWR&&*7VSHFLÀFDSSOLFDWLRQVIRFXVHGSULPDULO\RQWKHJDVWXUELQHEHIRUHQRWDEOHH[DPSOHVRIPRUHJHQHUDO FRQGLWLRQPRQLWRULQJ WHFKQLTXHV7KLVVHFWLRQGHVFULEHVWKHFXUUHQWVWDWHRIWKHDUW
3.1 Approach to condition monitoring
$JUHDWGHDORIUHVHDUFKKDVEHHQXQGHUWDNHQLQWR&&*7FRQGLWLRQPRQLWRULQJ +RZHYHU WKH ZLGH DVVRUWPHQW RI WHFKQLTXHV FDQ
generally be divided into two approaches:
 $QRPDO\ GHWHFWLRQ PRQLWRUV SDUDPHWHUV UHODWHG WR WKH VXEMHFWDQGLIWKH\GLIIHUVXIÀFLHQWO\IURPDSHUFHLYHGQRWLRQRIQRUPDOLW\WKHVXEMHFWLVFRQVLGHUHGWRKDYHHQWHUHGDQDQRPDORXVVWDWHDQGDQDODUPPD\EHUDLVHG,QWKLVW\SHRIFRQGLWLRQPRQLWRULQJWKHUHLVQRGLDJQRVLVRIWKHQDWXUHRIWKHIDXOWRQO\WKDWWKHPRQLWRUHGSDUDPHWHUVKDYHGHYLDWHGIURPQRUPDOYDOXHV
 )DXOW GLDJQRVLV DWWHPSWV WR GLDJQRVH D SUREOHP E\ DQDO\VLQJGDWD DQGGHWHUPLQLQJ WKHSDUWLFXODU IDXOWZKLFKKDVRFFXUUHG)DXOWGLDJQRVLVLVRIWHQXVHGWRGHWHUPLQHWKHPRVWOLNHO\W\SHRU FDXVH RI D IDXOW WKDW LV NQRZQ WR KDYH RFFXUUHG DQG GRHVQRWQHFHVVDULO\LQFOXGHDFDSDELOLW\WRGLVWLQJXLVKQRUPDOIURPIDXOW\EHKDYLRXU7KLVLVLQFRQWUDVWWRDQRPDO\GHWHFWLRQZKHUHWKHSUHVHQFHRIDIDXOWLVLGHQWLÀHGEXWQRWWKHW\SHRUVRXUFHRI
the fault.
)URPWKHDERYHGHVFULSWLRQLWLVFOHDUWKDWQHLWKHUFRPSOHWHO\FRYHUV WKH UHTXLUHPHQWV WR GHWHFW DQG GLDJQRVH D IDXOW LQ DPRQLWRUHG VXEMHFW )RU WKLV UHDVRQ SUHYLRXVZRUNKDV FRPELQHG
these approaches ,Q WKH FLWHG FDVH DQ DQRPDO\ GHWHFWLRQDOJRULWKPLVXVHGILUVW WRGHWHFWZKHWKHUDIDXOWKDVRFFXUUHGDQG
Development of an intelligent system for detection of 
exhaust gas temperature anomalies in gas turbines
A D Kenyon, V M Catterson and S D J McArthur
Paper presented at CM 2010-MFPT 2010, the Seventh International Conference on Condition Monitoring and 
Machinery Failure Prevention Technologies, Stratford-upon-Avon, June 2010
Andrew D Kenyon, Victoria M Catterson and Stephen D J McArthur are 
with the Department of Electronic and Electrical Engineering, University RI6WUDWKFO\GH*ODVJRZ*;48QLWHG.LQJGRP7HO (PDLODQGUHZNHQ\RQ#HHHVWUDWKDFXN
LIVRGHOHJDWHWKHWDVNRILGHQWLI\LQJWKHSDUWLFXODUIDXOWWRDIDXOWGLDJQRVLV DOJRULWKP 6XFK DQ DSSURDFK DOORZV D ZLGHU UDQJH RIDOJRULWKPVWKDWPD\EHSDUWLFXODUO\DGHSWDWDQRPDO\GHWHFWLRQRUIDXOW GLDJQRVLV EXW QRW ERWK ,W FRPELQHV WKH DELOLW\RI DQRPDO\GHWHFWLRQ WRGHWHFWDQ\GHYLDWLRQ IURPQRUPDOEHKDYLRXUHYHQ LI
caused by a fault type not seen before, while allowing a dedicated IDXOW GLDJQRVLV DOJRULWKP WR FODVVLI\ WKH IDXOW LI LW LV RI DNQRZQ
type.
3.2 CCGT monitoring
$QRPDO\ GHWHFWLRQ RU DOWHUQDWLYHO\ ¶QRYHOW\ GHWHFWLRQ· DV LWLV VRPHWLPHV UHIHUUHG WR LV RIWHQ WKH PRVW VXLWDEOH DYHQXH IRUFRQGLWLRQPRQLWRULQJRIKLJKLQWHJULW\V\VWHPV. This is especially WUXHRI*7VZKHUHIDXOWVDUHUHODWLYHO\UDUHDQGDPXOWLFODVVIDXOWFODVVLÀFDWLRQDSSURDFKLVQRWSRVVLEOHGXHWR WKH ODFNRIGDWDIRUHYHQD VXEVHWRISRVVLEOH IDXOWV ,W LV WKHUHIRUHXVHIXO WR LQVWHDGPRGHOWKHQRUPDOEHKDYLRXURIWKH*7RIZKLFKWKHUHLVXVXDOO\DQDEXQGDQFHRIGDWDDQGUDLVHDODUPVZKHQWKHEHKDYLRXUGHYLDWHVVXIÀFLHQWO\IURPQRUPDO7KH YDULDWLRQ LQ JDV WXUELQH PRQLWRULQJ GHSHQGV JUHDWO\ RQWKH RULJLQDO HTXLSPHQW PDQXIDFWXUHU 2(0 DQG WKH RULJLQDO
application of the turbine2QFHWKHW\SHDQGDSSOLFDWLRQRI WKHWXUELQHLVNQRZQWKHWHFKQLTXHVFDQEHFRQVLGHUHG2QHSRVVLEOHDSSURDFKLVWREXLOGDSUREDELOLVWLFPRGHORISRVVLEOHIDXOWV3RQFHW
et al WDNHWKLVDSSURDFKE\IRFXVLQJRQPRGHOVWKDWSUHGLFWWKHOLNHOLKRRGRISDUWLFXODUIDXOWVLQWKHFRPSUHVVRUDQGWXUELQHEDVHGRQDYDLODEOHV\PSWRPV7KLVLVKRZHYHUH[WUHPHO\FRPSOLFDWHGDQG ZRXOG UHTXLUH H[WHQVLYH NQRZOHGJH RI WKH WXUELQH DQG WKHRSHUDWLRQDQGGHJUDGDWLRQRIERWKFRPSRQHQWVGXULQJHDFKIDXOW7KHVDPHLVWUXHIRUDQ\PDWKHPDWLFDOO\GHULYHGPRGHO8OWLPDWHO\ VRPH NLQG RI PDFKLQH OHDUQLQJ DSSURDFK LV PRUHDSSURSULDWHLQDFDVHZKHUHNQRZOHGJHRIWKHHTXLSPHQWLVOLPLWHGEXWGDWDLVDEXQGDQW7KH'$',&&V\VWHP, which utilises artificial QHXUDO QHWZRUNV $11 DV PRGHOV IRU FRPSRQHQWV RI D &&*7VKRZVWKHDSSOLFDWLRQRIVXFKDWHFKQLTXH:KLOHWKHHIIHFWLYHQHVVRIWKLVDSSURDFKKDVEHHQGHPRQVWUDWHGWKURXJKGHSOR\PHQWRQDQ,EHUGUROD&&*7SODQW LW LV VWDWHG WKDW WKH FKRLFHRI YDULDEOHV LVYLWDOWRWKHVXFFHVVRIVXFKPRGHOV7KLVVWURQJO\VXJJHVWVWKHQHHGWRXVHDVWUXFWXUHGGDWDPLQLQJPHWKRGRORJ\GLVFXVVHGIXUWKHULQVHFWLRQ$QRWKHU H[DPSOH WKH 1'7RRO LV D IOHHWZLGH DSSOLFDWLRQGHVLJQHGWROHDUQWKHEHKDYLRXURIDSODQWXVLQJHQWLUHO\GDWDGULYHQWHFKQLTXHV7KHH[DPSOHXVHVD IRUPRI.PHDQVFOXVWHULQJDQG
can be applied to any set of variables selected by the user. Using a WUDLQLQJGDWDVHWEDVHGRQQRUPDORSHUDWLRQWKHFOXVWHUVIRUQRUPDOEHKDYLRXU DUH OHDUQHG DQG VWRUHG 'XULQJ WHVWLQJ WKH (XFOLGHDQ
distance between the actual values and the cluster centres is FDOFXODWHGDQGXVHGDVDPHDVXUHRIQRUPDOLW\
3.3 Condition monitoring of other assets
&RQVLGHULQJRWKHUFRQGLWLRQPRQLWRULQJH[DPSOHVFDQEHXVHIXODVPDQ\WHFKQLTXHVDUHQRWGRPDLQVSHFLÀFDQGFDQEHDSSOLHGWRWKH*7SUREOHPGRPDLQ$QH[DPSOHRIWKHVXFFHVVIXODSSOLFDWLRQRIVHYHUDOPDFKLQHOHDUQLQJWHFKQLTXHVLVJLYHQE\0F$UWKXUet al, ZKHUHDQ$11.PHDQVDQGDUXOHLQGXFWLRQHQJLQHDUHXWLOLVHGIRU WKH SXUSRVH RI WUDQVIRUPHU SDUWLDO GLVFKDUJH IDXOW GLDJQRVLV2IQRWHLVWKHXVHRI0$6WHFKQRORJ\WRDOORZVHYHUDOWHFKQLTXHVWRZRUN WRJHWKHUDVRQHV\VWHP ,W LV LQWHQGHG WKDW WKH WHFKQLTXHDSSOLHGLQWKLVSDSHUZLOOIXQFWLRQLQDVLPLODUZD\DVSDUWRIDÁHHWZLGHFRQGLWLRQPRQLWRULQJ0$63DUDOOHOV FDQ DOVR EH GUDZQ EHWZHHQ ORFRPRWLYH FRQGLWLRQPRQLWRULQJDQGWKHJDVWXUELQHILHOG7KHXVHRI$11VIRUDQRPDO\
detectionLVVLPLODUWRSUHYLRXVH[DPSOHV7KHDSSURSULDWHQHVVRIDPDFKLQHOHDUQLQJDSSURDFKRYHUDSK\VLFDOPRGHOLQVLWXDWLRQVZKHUHFRPSOH[LW\RI WKHPRGHODQG IUHTXHQF\RI VDPSOLQJ LV DQLVVXHLVDOVRDGGUHVVHG7KHH[DPSOHWDNHVD¶GLYLGHDQGFRQTXHU·DSSURDFKLQRUGHUWRDOORZWKHIDXOWWREHDWWULEXWHGWRVSHFLILFVXE
FRPSRQHQWVUDWKHUWKDQPRGHODQHQWLUHORFRPRWLYHV\VWHP7KLVLVVLPLODUWRWKHSKLORVRSK\EHKLQGWKHLQWHQGHG0$6
3.4 Summary
)URPDUHYLHZRIUHODWHGZRUNLWLVFOHDUWKDWWKHDSSOLFDWLRQRIWKHFRQGLWLRQPRQLWRULQJDOJRULWKPSUHVHQWHGLQWKLVSDSHULVXQLTXH:KLOHDQ$11ZDVXOWLPDWHO\FKRVHQ WRGHWHFWDQRPDOLHV LQ WKH*7VLPLODUWRWKH'$',&&V\VWHPWKHDSSOLFDWLRQRIWKH$11LVXQLTXHIRUDQXPEHURIUHDVRQV3ULPDULO\'$',&&LVDFROOHFWLRQRI PRGHOV GHVLJQHG WR PRGHO DQ HQWLUH SODQW &RQYHUVHO\ WKHDSSURDFK WDNHQ WR WKLV SUREOHP UHTXLUHG GHWHFWLRQ RI SDUWLFXODUW\SHVRI IDXOWV7KHFKRLFHRIYDULDEOHVDQG WHFKQLTXHGULYHQE\DGDWDPLQLQJPHWKRGRORJ\DQGWKHVXFFHVVIXOLPSOHPHQWDWLRQWR
allow detection of previously undetectable faults, is the contribution 
and the novelty of this paper. 
4. Data mining
'DWDPLQLQJLVFRQVLGHUHGDVWKHQRQWULYLDOH[WUDFWLRQRILPSOLFLWSUHYLRXVO\ XQNQRZQ DQG SRWHQWLDOO\ XVHIXO LQIRUPDWLRQ IURP
data $ VWUXFWXUH IRU GDWD PLQLQJ KDV EHHQ GHYHORSHG and FRQVLVWVRIDQXPEHURIVWHSV7KHVWHSVDUHRXWOLQHGLQVHFWLRQDQGDFDVHVWXG\GHPRQVWUDWLQJWKHDSSOLFDWLRQRIWKLVPHWKRGRORJ\WR*7GDWDLVSURYLGHGLQVHFWLRQ
4.1 Description
7KH ÀYH PDLQ VWHSV DUH RXWOLQHG EHORZ 7KH\ DUH QRUPDOO\SHUIRUPHGLQWKHRUGHULQWURGXFHGKHUHEXWZLWKLWHUDWLRQRYHUWKH
earliest steps until a satisfactory result is reached.
4.1.1 Familiarisation
7KLV VWDJH HQFRPSDVVHV WKH LQLWLDO GLVFXVVLRQV ZLWK WKH GDWDSURYLGHULQFOXGLQJGRPDLQH[SHUWVDQGWKRVHDOUHDG\IDPLOLDUZLWKVLPLODUGDWD7KLVZLOODOVRLQFOXGHUHDGLQJDQ\OLWHUDWXUHRUHYHQWUHSRUWV UHOHYDQW WR WKH GDWD7KH DLP RI WKLV VWDJH LV WR LPSURYHJHQHUDOXQGHUVWDQGLQJDQGNQRZOHGJHRIWKHGDWDDQGKRZLWDSSOLHVWRWKHSUREOHPGRPDLQ
4.1.2 Visualisation
Visualisation includes analysis of the data at a relatively high level. 7KLVVWDJHLQYROYHVDWWHPSWLQJWRLGHQWLI\DQ\YLVXDOLQFRQVLVWHQF\RUSDWWHUQ LQ WKHGDWDPDGHDSSDUHQW WKURXJK WKHXVHRIGLIIHUHQWWHFKQLTXHV 7KHVH WHFKQLTXHV FDQ LQFOXGH WUHQGLQJ FOXVWHULQJ RUWUDQVIRUPDWLRQVIRUH[DPSOH)DVW)RXULHUWUDQVIRUP))7RQWKH
data.'LPHQVLRQDOLW\ UHGXFWLRQ LV RIWHQ SHUIRUPHG DW WKLV VWDJHDOORZLQJKLJKGLPHQVLRQDOGDWD WREHGLVSOD\HG LQ WZRRU WKUHHGLPHQVLRQDOGLDJUDPVWRDOORZSDWWHUQVWREHPRUHHDVLO\LGHQWLILHG
visually. This process is also often used as a data reduction WHFKQLTXHDQGPD\EHDSUHSURFHVVLQJVWDJHIRUVRPHDOJRULWKPVVXFKDV,QGHSHQGHQW&RPSRQHQW$QDO\VLV,&$.
4.1.3 Data reduction and cleaning
$IWHUIDPLOLDULVDWLRQZLWKWKHGDWDDQGLGHQWLI\LQJSDWWHUQVWKURXJKYLVXDOLVDWLRQ LW PD\ WKHQ EH SRVVLEOH WR UHGXFH WKH DPRXQW RIGDWD EHLQJ FRQVLGHUHG7KLV PD\ LQFOXGH UHPRYLQJ UHGXQGDQW RULUUHOHYDQWGDWDHVSHFLDOO\LQPXOWLYDULDWHGDWDZKHUHVRPHUHDGLQJVPD\ EH VWURQJO\ FRUUHODWHG RU ZKHUH YDULDEOHV DUH QRW UHODWHG WRWKHUHOHYDQWRXWFRPHEHLQJFRQVLGHUHG7KHDLPRIWKLVVWDJHLVWRUHPRYHGDWDXQQHFHVVDU\WRLGHQWLI\LQJWKHVWDWHRUFRQGLWLRQRIWKHPRQLWRUHGDVVHW6RPHH[DPSOHVRIWHFKQLTXHVXVHGDWWKLVVWDJHLQFOXGH,&$WRLGHQWLI\WKHLQGHSHQGHQWFRPSRQHQWVWKDWPDNHXSDPXOWLYDULDWHVLJQDORUFOXVWHULQJWRLGHQWLI\VWDWHWUDQVLWLRQVLQSRWHQWLDOO\KLJKGLPHQVLRQDOGDWD$IWHUSHUIRUPLQJWKLVVWDJHWKHSUHFHGLQJVWHSVDUHUHSHDWHG7KLVSURFHVVFRQWLQXHVXQWLOLWLVSRVVLEOHWRPRYHRQ
to the succeeding stage.
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4.1.4 Technique selection
$IWHUSHUIRUPLQJWKHSUHFHGLQJVWHSVDVXIÀFLHQWQXPEHURIWLPHVWRLGHQWLI\IHDWXUHVZLWKLQWKHGDWDDQGUHGXFLQJWKHGLPHQVLRQDOLW\RI WKH GDWD DV PXFK DV SRVVLEOH WKH SRVVLEOH WHFKQLTXHV IRUDQRPDO\GHWHFWLRQRUIDXOWGLDJQRVLVPXVWEHFRQVLGHUHG7KHH[DFWPHWKRGVFRQVLGHUHGGHSHQGRQWKHGDWDUHDORUFRPSOH[OLQHDURUQRQOLQHDUWKHDSSOLFDWLRQDQRPDO\GHWHFWLRQIDXOWGLDJQRVLVRUERWKDQGWKHUHTXLUHPHQWVDFFXUDF\SDUWLFXODUUHTXLUHPHQWVVXFKDVD ORZQXPEHURI IDOVHSRVLWLYHVDVLQJOHRXWFRPHRUDYHFWRURISRVVLELOLWLHVHWF7KHUHPD\EHDQXPEHURISRVVLELOLWLHVEXWDVLQJOHWHFKQLTXHZLOOEHVHOHFWHGDQGWKHSURFHVVZLOOSURFHHGWRLPSOHPHQWDWLRQDQGWHVWLQJ
4.1.5 Implementation and testing
7KHVHOHFWHGWHFKQLTXHPXVWEHLPSOHPHQWHGZKLFKZRXOGLQFOXGHWKHWUDLQLQJVWDJHIRUPDFKLQHOHDUQLQJDOJRULWKPV7KHWHFKQLTXHPXVWWKHQEHWHVWHGRQEOLQGGDWDWRHQVXUHWKDWLWLVDSSOLFDEOHWRGDWDEH\RQGWKHGDWDSUHVHQWHGWRLWGXULQJWUDLQLQJ,IWKHWHFKQLTXHSURYHVXQVDWLVIDFWRU\WKHSURFHVVZLOOUHYHUWWRWHFKQLTXHVHOHFWLRQDQG VR RQ XQWLO D VDWLVIDFWRU\ WHFKQLTXH KDV EHHQ LGHQWLÀHG DQGYHULÀHGWKURXJKWHVWLQJ
4.2 Application
7KHIROORZLQJLVDFDVHVWXG\RIWKHDSSOLFDWLRQRIWKHGDWDPLQLQJPHWKRGRORJ\LQDQHIIRUWWRÀQGDQDFFHSWDEOHDQRPDO\GHWHFWLRQDOJRULWKPIRUWKH*7VLQD&&*7SODQW$VWHSE\VWHSDFFRXQWRIWKHGHYHORSPHQWRI WKH WHFKQLTXH LVJLYHQDQGDQDQDO\VLVRI LWVSHUIRUPDQFHGXULQJWHVWLQJLVSURYLGHG
4.2.1 Familiarisation
)RUWKLVFDVHVWXG\PRQWKVRIGDWDIURPD&&*7VWDWLRQ·VJDVWXUELQH XQLWV VDPSOHG DW  PLQXWH LQWHUYDOV ZDV DYDLODEOH7KLVGDWDLQFOXGHGYDULDEOHVFRYHULQJDOOVHQVRUVZLWKLQWKHWXUELQHLQFOXGLQJ SUHVVXUH YLEUDWLRQ DQG WHPSHUDWXUH$Q HYHQW ÀOH ZDVDOVR PDGH DYDLODEOH FRQWDLQLQJ DOO VKXWGRZQV DQG WULSV VWDWLQJFDXVHVDQGUHDVRQVDQGGLIIHUHQWLDWLQJVFKHGXOHGVKXWGRZQVIURPXQSODQQHGRXWDJHV7ZRPDMRUIDLOXUHVLQ*7RFFXUUHGGXULQJWKLVWLPHDFRPEXVWRUIDLOXUHLQPRQWKDQGDFRPSUHVVRUEODGHIDLOXUHGXULQJPRQWK
4.2.2 Visualisation and data reduction
%HIRUHEHJLQQLQJDQ\DQDO\VLVLWZDVÀUVWQHFHVVDU\WRUHGXFHWKHQXPEHURIYDULDEOHVXQGHUFRQVLGHUDWLRQIURPWKHSHUWXUELQHSURYLGHG WRDPRUHPDQDJHDEOHVXEVHW7ZRJURXSVRIYDULDEOHVZLWKSRWHQWLDOWRVKRZSUHFXUVRUVUHODWHGWRFRPSUHVVRUEODGHIDLOXUHZHUHLGHQWLÀHGH[KDXVWWHPSHUDWXUHDQGYLEUDWLRQ7KLVZDVGXHWRFRPSUHVVRU IDLOXUHRIWHQEHLQJ FDXVHGE\ FRPSUHVVRU VXUJH DQGERWKDUHNQRZQ WR VKRZSUHFXUVRUV([KDXVW WHPSHUDWXUH UHODWHGYDULDEOHVZHUHÀUVWLGHQWLÀHGDQGDVHWRIHLJKWZHUHVHOHFWHGIRU
further analysis.










$ QXPEHU RI WHFKQLTXHV ZHUH LQLWLDOO\ WULHG EHIRUH D VXFFHVVIXODSSURDFK SUHYDLOHG 7KHVH LQFOXGHG FOXVWHULQJ .0HDQV and '%6FDQ LQGHSHQGHQWFRPSRQHQWDQDO\VLVDQGVHOIRUJDQLVLQJ
PDSV8OWLPDWHO\QRQHRI WKHVH WHFKQLTXHVSURYLGHGDFOHDUVLJQRI DQ DQRPDO\ DURXQG WKH WLPH RI WKH FRPSUHVVRU EODGH IDLOXUHLQ PRQWK  DQG ZHUH GLVFRXQWHG DV YLDEOH DSSURDFKHV IRU WKLV
case study. After considering other approaches, and in light of SUHYLRXV VXFFHVVIXO XVH LQ WKH FRQGLWLRQ PRQLWRULQJ ÀHOG, an DUWLÀFLDOQHXUDOQHWZRUNZDVVHOHFWHGDQGVXFFHVVIXOO\DSSOLHG7KHLPSOHPHQWDWLRQRI WKLV WHFKQLTXH LVGRFXPHQWHG LQ WKHIROORZLQJ
sections.
5. Technique implementation
:KLOH IROORZLQJ WKH GDWD PLQLQJ PHWKRGRORJ\ DQ $11 ZDVVHOHFWHG DQG LPSOHPHQWHG XVLQJ *7 GDWD7KH IROORZLQJ VHFWLRQJLYHVDGHVFULSWLRQRIWKHWHFKQRORJ\EHKLQG$11VEHIRUHGHWDLOLQJWKHVSHFLÀFLPSOHPHQWDWLRQDQGWHVWLQJIRUWKH*7FDVHVWXG\
 $UWL¿FLDOQHXUDOQHWZRUNV$11
$Q DUWLÀFLDO QHXUDO QHWZRUN LV D W\SH RI PDFKLQH OHDUQLQJDOJRULWKP$11VDUHPDGHXSRIVHYHUDOQRGHVWKDWPLPLFWKHÀULQJDQG LQWHUFRQQHFWLRQ RI QHXURQV LQ WKH EUDLQ (DFK OLQN EHWZHHQQRGHVKDVDZHLJKWDSSOLHG WR LWDQGE\DGMXVWLQJ WKLV WKHRXWSXW
of the node will change. The interconnections between nodes and WKHVXEVHTXHQWPDQLSXODWLRQRIWKHZHLJKWVRIWKHQRGHVDOORZWKHQHWZRUNWR¶OHDUQ·$OO$11VKDYHWZRPRGHVWUDLQLQJZKHUHWKHQHWZRUN OHDUQV WKH UHODWLRQVKLSV EHWZHHQ LQSXWV DQG RXWSXW DQGWHVWLQJZKHUHWKHQHWZRUNHVWLPDWHVWKHRXWSXWIRUDVHWRIJLYHQ
inputs.7KH W\SH RI $11 XVHG LQ WKLV SDSHU LV FDOOHG D PXOWLOD\HU
perceptron7KLV LVDIHHGIRUZDUG$11FRQVLVWLQJRIPXOWLSOHOD\HUV7KHXVHRIDIHHGIRUZDUGQHWZRUNVLPSOLILHV WKH WUDLQLQJSURFHVVDVLWLVNQRZQWKDWGDWDFDQRQO\WUDYHORQHZD\EHWZHHQQRGHV/D\HUVZLOOW\SLFDOO\FRQVLVWRIDQLQSXWOD\HURQHRUPRUH
hidden layers and an output layer. The hidden layer is so called EHFDXVHWKHLQSXWVDQGRXWSXWVRIWKHVHQRGHVDUHKLGGHQIURPWKH
outside.7HVWLQJDQGKRZLWLVFDUULHGRXWLVDQLPSRUWDQWSDUWLQXVLQJ0/3V,WLVGHVLUDEOHWRGLYLGHGDWDLQWRWUDLQLQJDQGWHVWLQJVXEVHWV7KLVLVWRHQVXUHWKDWWKHQHWZRUNKDVQRWVLPSO\OHDUQHGWKH
specific cases presented in the training set, but rather has learned WKHXQGHUO\LQJUHODWLRQVKLS:KHUHLWKDVOHDUQHGWKHUHODWLRQVKLS
and tests well on the new data, it is said to have generalised well. :KHQWKHQHWZRUNVKRZVJRRGUHVXOWVRQWKHWUDLQLQJGDWDEXWQRWRQQHZGDWDRXWVLGHWKLVVHWLWLVNQRZQDVRYHUILWWLQJ.
5.2 Implementation
,WZDVDWWHPSWHGWRXVHDIHHGIRUZDUG$11WROHDUQWKHUHODWLRQVKLSVEHWZHHQ H[KDXVW WHPSHUDWXUH YDULDEOHV XQGHU QRUPDO RSHUDWLQJEHKDYLRXUZLWKWKHDLPWKDWDEUHDNGRZQRIWKHUHODWLRQVKLSFRXOGEH LGHQWLÀHG EHIRUH D IDLOXUH 7KH H[KDXVW WHPSHUDWXUH PHGLDQFRUUHFWHGE\ DYHUDJH ZDV XVHG DV WKH FODVVLÀHU7KH LQGLYLGXDOUHVLGXDO IRU HDFK WLPH VWHS ZDV GLUHFWO\ RXWSXW UDWKHU WKDQ DFRUUHODWLRQFRHIÀFLHQWRURWKHUPHWULFRI VLPLODULW\ PHDQVTXDUHHUURU HWF 7KLV ZDV DV D UHVXOW RI UHTXHVWV E\ WKH XWLOLW\ ZKLFKUHTXHVWHGUHVLGXDOVVRWKDWUHVXOWVFRXOGEHGLUHFWO\FRPSDUHGZLWKRWKHUPHWKRGVWKH\KDYHXVHG6HYHUDO WUDLQLQJVHWVZHUHWULHGDOORI WKHPXVLQJWKHH[KDXVWJDVYDULDEOHVLQ7DEOH,QLWLDOO\RQO\IXOOORDGGDWDZDVXVHGEXWUHVXOWHGLQUHVLGXDOVSLNHVZKHQHYHUDWXUELQHZDVVKXWGRZQHYHQIRUVFKHGXOHGVKXWGRZQV:KLOHWKLVPD\VWLOOEHXVHIXOLWZRXOGEHGHVLUDEOHWROLPLWDODUPVWRRQO\DEQRUPDOHYHQWVGXULQJVKXWGRZQRU VWDUWXS7R WKLV HQG QRUPDO VWDUWXS DQG VKXWGRZQ GDWD ZDVDGGHG WR WKH WUDLQLQJ VHW 7KLV UHPRYHG VHYHUDO RI WKH UHVLGXDOVSLNHVDURXQGVFKHGXOHGVKXWGRZQVDQGVXFFHVVIXOVWDUWXSV)XUWKHUZRUNZDVXQGHUWDNHQWRLPSURYHWKHSHUIRUPDQFHRIWKHWHFKQLTXHXVLQJDGGLWLRQYDOXHVIURPSUHYLRXVWLPHVWHSV)LJXUH
shows a scheduled shutdown, to which residuals should be as low 
as possible. The load is overlaid in purple to better illustrate the 
EHKDYLRXURIWKHV\VWHPRXWSXW7KHWDQGWUHVLGXDOVDUHORZHUVXJJHVWLQJ EHWWHU DFFXUDF\ *UHDWHU GHOD\V ZHUH H[SHULPHQWHGZLWKEXWLQFUHDVHGWKHWUDLQLQJWLPHZKLOHQRWLPSURYLQJDFFXUDF\SURSRUWLRQDOO\)RUWKLVUHDVRQDWOHYHOGHOD\ZDVFRQVLGHUHGWKHEHVWFRPSURPLVHDQGLVLPSOHPHQWHGLQVXEVHTXHQWWHVWFDVHV
7KHWHFKQLTXHFRXOGEHXVHGWRUDLVHDODUPVEDVHGRQWKHUHVLGXDOH[FHHGLQJDFHUWDLQWKUHVKROG7\SLFDOYDOXHVRIQRUPDORSHUDWLRQUHVLGXDOVDUHXVXDOO\VLQJOHILJXUHRUOHVVZKLOHWKHODUJHVWVSLNHVFDQ EH LQ H[FHVV RI 7KLV UHSUHVHQWV D JRRG G\QDPLF UDQJHZKLFKVKRXOGPDNHLWHDV\WRLGHQWLI\ZKHQWRUDLVHDQDODUP%DVHGRQWKHUHVXOWVIURPWHVWLQJFDUULHGRXWRQWKHHQWLUHPRQWKSHULRGIRU*7DWKUHVKROGRILVVXJJHVWHG
5.3 Testing
,QLWLDO WHVWLQJ ZDV SHUIRUPHG WR FKHFN SHUIRUPDQFH RI DQRPDO\GHWHFWLRQIRUWKHODUJHIDLOXUHVRQ*7LGHQWLÀHGE\WKHXWLOLW\7KHUHVLGXDOV IRU WKH ODUJH IDLOXUHV LQPRQWKV DQG DUH VKRZQ LQ)LJXUHDQG)LJXUHUHVSHFWLYHO\
7KH FOHDU GHILQLWLRQ RI WKH UHVLGXDO ¶VSLNH· LV SDUWLFXODUO\LPSUHVVLYHDVWKHWUDLQLQJGDWDZDVIURP*7ZKLOHERWKIDLOXUHVZHUHLQ*7VXJJHVWLQJJRRGJHQHUDOLVDWLRQRIWKH$11$V*7PD\KDYHKDGDSUHH[LVWLQJIDXOWWKDWSUHFLSLWDWHGWKHIDLOXUHDQGWKHGHVLUHWRH[FOXGHDQ\SRWHQWLDOSUHFXUVRUVIURPWKHWUDLQLQJVHWWRHQVXUHWKHLUUHFRJQLWLRQDV¶DEQRUPDO·*7ZDVFKRVHQDVWKHVRXUFHRI¶QRUPDO·GDWDWRWUDLQRQ7KH)LJXUHVEHORZVKRZSURPLVLQJUHVXOWVIURPWKHWHFKQLTXH)LJXUHVKRZVDVFKHGXOHGRXWDJHZLWKWKHUHVLGXDOVQHYHUJUHDWHUWKDQWKHWKUHVKROGRI)LJXUHVKRZVGHWHFWLRQRIDQH[KDXVWJDVDQRPDO\)LJXUHVKRZVZKDWZDVWKRXJKWWREHDIDOVHSRVLWLYHEXWXSRQH[DPLQDWLRQZLWKDORDGWUDFHFDQEHDWWULEXWHGWRDVHQVRUHUURUVKRZQLQWKHQHJDWLYHORDGYDOXHV)LJXUHVKRZVDWULSQRWUHODWHG WR H[KDXVW JDV WHPSHUDWXUH VXJJHVWLQJ WKH WHFKQLTXH LVXVHIXOIRUGHWHFWLQJRWKHUW\SHVRISUREOHPV7KH UHVXOWV VKRZ JRRG LGHQWLILFDWLRQ RI DQRPDOLHV ZLWKLQ PLQXWHV RI RFFXUUHQFH7KHVH UHVXOWV DUH YDOLGDWHG DQG WHVWHG RQ
industrial data representing actual GTs in service in the field.
Figure 1. Comparison of use of delayed values for ANN input. 
Data from a scheduled shutdown. Load trace shown in purple, 
using right axis in MW
Figure 2. Residuals for GT2 in month 6. Residual spike due to 
trip for high exhaust temperature and vibration. Secondary axis 
is load (MW)
Figure 3. Residuals from GT2 for month 10. Spike corresponds 
to trip related to exhaust gas temperature. Secondary axis is 
load (MW)
Figure 4. Scheduled outage. Note the small value of the residuals 
throughout
Figure 5. Residual spike following trip related to exhaust gas 
temperature
Figure 6. A residual spike; caused by an error in the load value 
resulting in high negative values
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6.  Conclusion
7KLV SDSHU KDV VXPPDULVHG WKH SURFHVV RI GDWD PLQLQJ DSSOLHGWR DOJRULWKP GHYHORSPHQW DQG SUHVHQWHG D FDVH VWXG\ ZKHUHLW LV VXFFHVVIXOO\ XVHG IRU DQRPDO\ GHWHFWLRQ RQ JDV WXUELQHV,Q WKH H[DPSOH PHDQLQJIXO LQIRUPDWLRQ ZDV H[WUDFWHG IURP DODUJHVHWRIGDWDXVLQJ WKHGDWDPLQLQJPHWKRGRORJ\UHVXOWLQJLQLPSOHPHQWDWLRQ RI D QRYHO DSSOLFDWLRQ RI DQ $11 IRU DQRPDO\GHWHFWLRQ)ROORZLQJH[WHQVLYHWHVWLQJWKHWHFKQLTXHVXFFHVVIXOO\LGHQWLÀHG WZR SDUWLFXODU IDXOWV WKDW SUHYLRXVO\ ZHQW XQGHWHFWHG7KLVUHVXOWGHPRQVWUDWHVWKHEHQHÀWRIWKHDSSOLFDWLRQRIWKHGDWDPLQLQJPHWKRGRORJ\ LQ WKHGHYHORSPHQWRI WKH WHFKQLTXH DORQJZLWKWKHWHFKQLTXH·VDELOLW\WRGHWHFWWKHUHTXLUHGIDXOWV7KLV ZRUN LV LQWHQGHG WR RSHUDWH DV RQH DJHQW ZLWKLQ D VXLWH
of agents, providing various diagnostic capabilities across a JHQHUDWLRQ IOHHW )XUWKHU ZRUN ZLOO LQFOXGH H[SDQGLQJ WKLV VXLWHRI DJHQWV WR LQFOXGH G\QDPLF PRGHOV IRU JDV WXUELQHV ZLWK WKH
intention of identifying precursors to faults such as those detected 
in this paper.
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Figure 7. A trip unrelated to exhaust gas, with residual above 
threshold
